We consider the viability of new heavy gauge singlet scalar particles at colliders such as the LHC. Our original motivation for this study came from the possibility of a new heavy particle of mass ∼ TeV decaying significantly into two photons at colliders, such as LHC, but our analysis applies more broadly. We show that there are significant constraints from astrophysics and cosmology on the simplest UV complete models that incorporate such new particles and its associated collider signal. The simplest and most obvious UV complete model that incorporates such signals is that it arises from a new singlet scalar (or pseudoscalar) coupled to a new electrically charged and colored heavy fermion. Here we show that these new fermions (and anti-fermions) would be produced in the early universe, then form new color singlet heavy mesons with light quarks, obtain a non-negligible freeze-out abundance, and remain in kinetic equilibrium until decoupling. These heavy mesons possess interesting phenomenology, dependent on their charge, including forming new bound states with electrons and protons. We show that a significant number of these heavy states would survive for the age of the universe and an appreciable number would eventually be contained within the earth and solar system. We show that this leads to detectable consequences, including the production of highly energetic events from annihilations on earth, new spectral lines, and, spectacularly, the destabilization of stars. The lack of detection of these consequences rules out such simple UV completions, putting pressure on the viability of such new particles at LHC. To incorporate such a scalar would require either much more complicated UV completions or even further new physics that provides a decay channel for the associated fermion.
Introduction
The Standard Model of particle physics, minimally coupled to gravity, is an effective field theory that is an adequate description of most, if not all, phenomena at low energies. However, we know it also has several shortcomings, including the lack of a dark matter candidate, hierarchy problem, vacuum stability, baryogenesis, gauge coupling unification, strong CP problem, problematic UV behavior, etc. Hence we anticipate that there is new physics at high energies, possibly several 100s of GeV or several TeV and beyond. This new physics may resolve some of these shortcomings, especially those that pertain to the weak sector. Within the framework of relativity and quantum mechanics, "new physics" ordinarily just means new particles of some mass and spin with various types of couplings to the known Standard Model particles. Of course countless ideas abound, including supersymmetric particles, sterile neutrinos, GUT particles, axions, and so on.
Perhaps the simplest possibility for new physics is to add one or more new heavy gauge singlet scalars φ. Such singlets can couple to the Standard model at the renormalizable level through the Higgs portal ∆L ∝ φH † H, φ 2 H † H. Moreover, general effective field theory arguments imply that generically it will also couple to other Standard Model particles through various higher dimension operators. Allowed dimension 5 operators include couplings to photons F and gluons G as
where the first and second terms apply to scalars and the third and fourth terms apply to pseudoscalars (the tilde on F, G is used to indicate the dual tensor and the tilde on the couplings is used throughout this paper to indicate the pseudo-scalar case). Here Λ is the characteristic scale of the new physics. An immediate consequence of this general effective field theory reasoning is that as long as the scale of new physics Λ is not too large and the mass of the new particle φ is not too large, then effects associated with this new scalar can be observed at colliders such as the LHC. In particular, the ∼ c 2 ,c 2 terms allow φ particles to be produced at the LHC through gluon fusion, while the ∼ c 1 ,c 1 terms allow φ particles to decay into pairs of photons that could be detected.
For example, a recent tantalizing signal with roughly 3 σ local significance at both CMS [1] and ATLAS [2] at LHC is an excess in pairs of photons at an energy of ∼ 750 GeV. The most basic interpretation of the signal would be a new scalar (or pseudo-scalar) with mass m φ ∼ 750 GeV. Many interesting papers on this topic exist in the literature; for example see [3 -38] and references therein. This provides an initial motivation for this paper, but our analysis is much more general and applies to a range of possible new scalars. Our main motivation is to identify the very significant constraints coming from astrophysics and cosmology on the viability of such new particles.
At first sight it may seem that little could be gleaned from astrophysical observations, because such particles decay rapidly and therefore would not be dark matter candidates or play any cosmological role. On the other hand, we know that in order to observe such particles at LHC would require a Λ that is not very large, perhaps tens of TeV or so. This would imply that the effective theory used here is being applied at a scale not too far from its cutoff. So it is very important to provide a UV completion of such models. The UV completion means to simply insert even more new particles with various masses and spins that pushes the cutoff to much higher scales.
In this paper we investigate the consequences of the most obvious and simplest UV completions. These involve the introduction of a new fermion ψ F with mass m F = O(TeV). The requirement that the branching ratio of φ decays into photons is large means the fermion should carry a significant electric charge (or hyper-charge from the high energy point of view), and the production from gluon fusion means the fermion should carry color. We investigate the astrophysical implications of this new fermion. In particular, we find that these fermions will be produced thermally in the early universe, then lock-up with light quarks to form new types of heavy mesons. We compute the heavy meson freeze-out abundance and find it to be O(10 −6 ) of the matter density of the universe. These heavy mesons possess interesting phenomenology and can capture protons or electrons depending on the charge. We find that in any case, they maintain kinetic equilibrium with the cosmic plasma and then live for the age of the universe. We show that an appreciable number will be contained within the earth and sun over the course of the formation and history of the solar system. We argue that this leads to significant physical effects, such as annihilations on the earth, new spectral lines, and destabilization of stars, which rules out such models. So the astrophysical constraints are very significant. Finally, we discuss the implications for model building and the LHC.
Simple Models
A two photon resonance at a collider such as the LHC requires a very specific spin for the decaying particle. Obviously it cannot be a fermion by conservation of angular momentum, nor can it be a spin 1 particle by Bose-Einstein statistics, as summarized by the Landau-Yang theorem. The only remaining possibilities are spin 0 and spin 2. Although one could imagine that it is some Kaluza Klein spin 2 mode associated with the graviton [40] , the spin 0 option is the more common scenario and will be the focus of our paper, which we will denote φ.
We also need to enquire as to the particle's renormalizable couplings to the Standard Model, and in particular, whether it carries any gauge charges. At first sight, a decay into two photons is reminiscent of the Higgs particle, which couples directly to W ± and Z bosons. But the same cannot be true for φ. The reason is that the Higgs particle can be organized into a complex doublet as is appropriate to provide the UV completion of massive spin 1 particles, W ± and Z. Without any further evidence, there is no reason why φ would be part of some multiplet in the visible sector. Hence we take it to be a gauge singlet with respect to the Standard Model gauge group. It might carry charges in some hidden sector, but for simplicity, let us imagine that it is just a single scalar. Renormalizable couplings to the Standard Model gauge bosons must then be provided by some additional new particle/s. The Occam's razor model would be to only add one new particle. This can be a spin 1/2 fermion ψ F , carrying various charges under the Standard Model gauge group. We assume SU (3) color for production from gluon fusion at proton factories like LHC and U (1) electric (hyper) charge allows decay into photons; see Figure 1 . It is possible that it carries weak SU (2) charge too, though we will mainly focus on the singlet case.
The UV complete model is given by the following
where L SM is the usual Standard Model Lagrangian. Here V I is an interaction potential including
We are assuming that φ is being expanded around φ = 0 and so will not pick up a VEV in this basis, so such terms will not play an important role. Also D µ is the covariant derivative which minimally couples ψ F to U Y (1) fields with hyper-charge Y F (electric charge Q F ) and to gluons with coupling g s . We allow a Yukawa like interaction that couples the new scalar to the new fermion (y F for scalar andỹ F for pseudo-scalar). We note that the fermion should be vector-like to allow for this renormalizable coupling to a gauge singlet.
The production cross-section of di-photons from a φ resonance can be made significant by assuming that the Yukawa coupling y F ,ỹ F is large, since the cross-section scales as
By an appropriate choice of y F ,ỹ F we can arrange the production rate of photons to accommodate a di-photon excess at some energy by choosing the corresponding mass m φ to equate with the invariant combined energy of the photon pair. In the case of the LHC, an interesting mass range is m φ ∼ TeV. This can be achieved with perturbative values of the Yukawa coupling so long as the process is not severely off-shell, so this means the fermion should not be extremely heavy.
On the other hand, the fermion cannot be extremely light or we would have directly detected such a colored/charged particle by now. This pushes the mass of the new fermion to be in a window around m F = O(TeV). In this model, there are obviously multiple decay channels for the φ particle. It cannot decay into an on-shell pair of ψ F andψ F as we take m φ < 2 m F . Nevertheless, it can decay into various Standard Model particles through a fermionic loop. In particular, φ can decay into pairs of photons, pairs of gluons, one photon and one gluon, pairs of Z bosons (since the fermion carries hyper-charge), one photon and one Z boson, and one gluon and one Z boson.
In order for the photon resonance to be significant at LHC, we require that the branching ratio into photons be appreciable. At leading order, we can estimate the ratio of decay rates into pairs of photons versus pairs of gluons as [41] 
where χ ∼ 1.5 is a fudge factor that accounts for loop-level QCD effects, capturing the corrections from an otherwise tree-level result. For a dominant resonance in the di-photon channel, this ratio should satisfy the bound r ≥ 1. We note that r depends very sensitively on the charge Q F as it depends on it to the fourth power. To satisfy the bound we obtain
(Related discussion appears in Ref. [3] ) This bound on the charge is not extremely tight, as it would require a detailed analysis of various QCD backgrounds to determine at what level one should have already seen a di-jet signal, but it is suggestive that the charge of the new fermion is appreciable, and probably larger than that of both up-like and down-like quarks. The specific value of the charge, whether it is integer or fractional charge (we shall assume quantization in 1/3 units) will have important consequences on its cosmology, as we explain in the later sections. stability of the ψ F particles will be discussed in the next section. In this section we discuss the initial behavior of these fermions (and anti-fermions) in the very early universe. Since ψ F carries electric and color charge it will be produced thermally in the early universe and come into thermal equilibrium. Before the QCD phase transition the ψ F andψ F will be weakly interacting particles, produced by and annihilating into Standard Model particles; see Figure 2 . For example, the cross-section of annihilation of a fermion/anti-fermion pair into pairs of photons or gluons at temperatures well above the mass of the fermion is
In the relativistic regime, the number density is n F ∼ T 3 . This gives an estimate for the annihilation rate as
, which is much larger than the Hubble rate in the radiation era which is Planck suppressed H ∼ T 2 /M P l . This confirms that this species will indeed be initially in thermal equilibrium with the cosmic plasma. But as usual for a heavy species, its number density begins to plummet exponentially
once the temperature falls below its mass, leading to a fall out of equilibrium at some temperature T f . The freeze-out abundance of ψ F can be computed using the standard analysis often employed for cold dark matter candidates, by using the Boltzmann equation. If we assume the ψ F (ψ F ) particles remain after freeze-out (we will return to this issue shortly), then the well known late time abundance formula applies, namely that the freeze-out scales inversely with the annihilation cross-section as
where the freeze-out temperature is typically T f ∼ m F /20, the effective number of relativistic species is typically g * ∼ 100, and
F is the annihilation cross-section computed at freeze-out. For m F ∼ TeV and α s ∼ 10 −1 this leads to a relic density that is perhaps an order of magnitude smaller than the observed dark matter density Ω M h 2 ≈ 0.12. Let us parameterize this with a quantity β ψ F by writing
However, this is a huge over-estimate of the relic abundance, for reasons we now explain.
As the temperature cools and approaches the QCD phase transition T ∼ GeV, the colored ψ F andψ F particles become strongly interacting. This forces them to lock up into color singlets, as a type of heavy hadron. Several possibilities exist, including (i) ψ F binding with a light Standard Model anti-quarkq to form a heavy meson π F = ψ Fq (similarly, anti-mesonπ F =ψ F q), (ii) ψ F binding with two light Standard model quarks q 1 , q 2 to from a heavy baryon
The formation of these color singlet states occurs as the temperature drops well below the mass of the fermion. Thermodynamic considerations then strongly favors the formation of the lightest mesons (i) π F = ψ Fq and anti-mesonsπ F =ψ F q, since the formation of super heavy hadrons (involving multiple ψ F 's) is Boltzmann suppressed and the formation of baryons with 3 particles is entropically suppressed compared to the formation of mesons with 2 particles. The weak interaction will generically lead to the Standard Model quark involved in the meson decaying into the first generation quark, presumably the lightest quark u. It is conceivable that if ψ F is negatively charged, the different electrical energy associated with the d quark could render the ψ Fd meson stable instead, which we will also mention when appropriate.
The QCD effects on the mass of the bound states is around the QCD scale which is of order of GeV. Therefore, these mesons π F (and anti-mesonsπ F ) have a mass that is almost entirely determined by the mass of the new heavy fermion; so m π F ≈ m F . Their size is roughly set by the QCD scale: R π F = O(1/GeV) [42] . This means that they act as large objects compared to their Compton wavelength, increasing their probability to find their anti-particles. The associated enhanced annihilation cross-section is estimated as
where we assumed |v| ∼ T f /m F ∼ 1 GeV/1 TeV ≈ 0.03. This annihilation cross-section of mesons is much larger than the annihilation of free ψ F 's before confinement, which we estimated earlier as
As a rough estimate of the freeze-out meson abundance, we insert this much higher cross-section into the standard freeze-out formula in eq. (7) and take T f ∼ GeV to give
This is a small, but non-negligible abundance, whose consequences we shall describe.
Cosmic Survival
It is important to examine the potential for survival of these mesons. According to the Lagrangian given in eq. (2), the ψ F particles, and the associated π F mesons, appear stable. But the Lagrangian may be incomplete. In particular, one might try to couple this colored fermion directly to quarks by operators such as ∆L ∼ P LψF q R + h.c., assuming for simplicity that ψ F is an SU (2) singlet, where P L is the left handed projection operator (other related possibilities arise for an SU (2) doublet ∆L ∼ P LψF ·H q R + h.c.). This means ψ F mixes with the quarks, allowing decays. If the electric charge of ψ F is −1/3 then it can couple to down quarks in this way; if it has charge +2/3 it can couple to up quarks in this way. However, as we discussed earlier, in order for the resonance into di-photons to be the first dominant signal seen at a proton factory like the LHC, the charge may need to be larger than this |Q F | 2. In this case, direct mixing with quarks (or leptons) at the renormalizable level is forbidden (More precisely, it is forbidden for |Q F | ≥ 1 for an SU (2) singlet and for |Y F | ≥ 3/2 for an SU (2) doublet). This implies that the ψ F particles, and the associated π F mesons, are indeed stable. (We will return to this issue in the discussion section.) These heavy mesons π F = ψ Fū carry electric charge
which is evidently non-zero for |Q F | ≥ 1 (similarly for π F = ψ Fd ). If Q π F > 0, these mesons will capture some number N e − of electrons (although this might take until recombination for the elections to not be ionized), or if Q π F < 0, these mesons will capture some number N p of protons (which can happen much earlier than recombination). Since there are both mesons and anti-mesons, one of them will capture electrons while the other will capture protons. The binding energy of a proton to the negatively charged meson is ∆E F ≈ 1 2
, which is much larger than the binding energy energy of hydrogen ∆E H = 1 2 m e α 2 . So the capture of the proton is essentially guaranteed to occur in the early universe (and by conservation of charge the electron will be eventually captured by the oppositely charge meson too).
We shall refer to these as 'dressed' mesons or 'atoms'. If Q π F is integer, then the resulting heavy atom can become neutral after capture. If Q π F is non-integer, then the resulting heavy atom will remain charged. Let's call the total charge (which can change before and after recombination)
If this vanishes, then these neutral heavy atoms will inevitably live for a long time without meeting their anti-particles. However, if the net charge is non-zero, one might be concerned that this electrical interaction will cause a (dressed) meson π F = ψ Fū to meet a (dressed) anti-meson π F =ψ F u and annihilate. (Or a similar story if π F = ψ Fd is the stable meson). However this is highly unlikely, as we now explain. For the charged (dressed) mesons, although the annihilations have frozen out, scattering off the cosmic plasma can still be significant. The mesons can interact with cosmic electrons 
is relatively large, though the number of electrons is relatively small. While the Thomson scattering cross-section σ T (π F γ → π F γ) is relatively small, though the number of photons is relatively large. Since mesons are heavy, the π F + e − scattering is controlled by the electron energy E e − . The differential cross-section is given by
For late times T < m e , but before recombination T > T rec ≈ 0.3 eV, the electrons are free and non-relativistic. The energy E e − is of the order the photon temperature T , by equipartition, since the electrons maintain thermal equilibrium in the cosmic plasma. After e + e − annihilation, the number density of electrons can be estimated by the baryon-to-photon ratio η ≈ 6 × 10 −10
The typical relative velocity of thermal electrons is |v| ∼ T /m e . Using Γ R = n e − σ R |v| , this gives a Rutherford scattering rate of mesons as
Using m e ∼ 0.5 MeV, α ∼ 1/137, this gives Γ R ∼ 10 −17 Q 2 A F T 3 /eV. In the radiation era the Hubble parameter is H ∼ T 2 /M P l ∼ 10 −27 T 2 /eV. Now recall that matter-radiation equality is at a temperature T eq ∼ 1 eV. So for non-zero charge Q A F , we have Γ R H in this era. It is simple to see that this continues to hold up to recombination T rec ∼ 0.3 eV.
So (dressed) charged mesons maintain kinetic equilibrium with the cosmic plasma, at least up to recombination. By equipartition we can determine the typical meson kinetic energy as K π F ∼ T . On the other hand, we can estimate the typical nearest neighbor Coulomb energy between a (dressed) meson of charge Q A F and a (dressed) anti-meson of charge QĀ F as
which is typically attractive (with Q A F and QĀ F usually carrying opposite signs). The (inverse) nearest neighbor distance is roughly
where in the last step we used that the matter density of the universe can be parameterized by CMB temperature as follows:
is the baryonic fraction of matter. So the ratio of Coulomb potential energy to kinetic energy is roughly time independent with value
For typical values, this gives V π F /K π F = O(10 −8 ). Hence the mesons carry far too much kinetic energy to be captured by the Coulomb energy of their anti-meson neighbor; thus avoiding annihilation before recombination.
One can check that after recombination, until present day, these heavy charged atoms continue to avoid capture and annihilation. In fact Thomson scattering off CMB photons continues to inject kinetic energy into the mesons, even though Rutherford scattering off electrons has halted. Of course the neutral heavy atoms easily survive also.
Detectable Consequences
In this section we mention several physical consequences that these heavy atoms can have in the late universe. Although they comprise only β π F = O(10 −6 ) of the mass density of the universe, which equates to a very small relative number density of heavy atoms to baryons of
(using m F /m p = O(1000) and ρ B /ρ M = O(10 −1 )) we will see that they still have important observable consequences.
Annihilations on Earth
As these heavy atoms move throughout the galaxy, some number will hit the earth's atmosphere as a type of exotic cosmic ray. Since these heavy atoms have electric interactions, they scatter off molecules in the atmosphere. The scattering cross-section depends sensitively on whether the heavy atom is a heavy π F (orπ F ) that captured electrons N e − , or its anti-particleπ F (or π F ) counterpart that only captured protons N p . As a lower bound, let's focus on scattering off neutral molecules. Then we can estimate σ scatt ∼ R 2 the effective size of the smaller of the 2 particles in the collision. If the heavy atom is charged or if the meson has captured an electron, we can estimate it as R e ∼ (α e m e ) −1 ∼ 10 −10 m, or in the special case in which the heavy atom is neutral and the meson has captured a proton we can estimate it as R p ∼ (α e m p ) −1 ∼ 10 −13 m. The mean free path is = (n atm σ scatt ) −1 , with n atm ∼ 10 26 m −3 is the number density of gas molecules in the atmosphere. This gives l ∼ 10 −6 m for R e and l ∼ 1 m for the special case R p . This means that as soon as π F touches the earth atmosphere it thermalizes with the air molecules and loses its kinetic energy. Because these are much heavier than the air molecules they will deposit near the earth surface. The number density of these particles in thermal equilibrium near the earth surface is given by the Boltzmann formula
Therefore they are confined in a height h conf ∼ T /(m F g) ∼ 300 m, using m F ∼ TeV. So any particle that hits the atmosphere would be deposited and stored near the earth surface (the special case in which the heavy atom is a meson orbited by a proton is such a small atom that it may eventually sink through the earth's surface). Since there will be both heavy mesons and anti-mesons accumulating within the earth they will begin to annihilate. If the mesons that have captured begin to sink beneath the surface it may lower the rate of annihilation, but we will just take these number densities as estimates of this effect. The total rate of annihilation between two of these particles per unit volume is given by Γ ea ann
where σ ann ∼ 1/GeV 2 is the annihilation cross-section and |v| ∼ T /m F ∼ 40 m/s. Note that this is quadratically sensitive to the number density n ea π F of heavy mesons and anti-mesons in the earth. This is non-trivial to compute accurately. But we will estimate this from two different mechanism as follows:
(I) Accumulation of random heavy atoms moving throughout the galactic halo. We note that for charged particles, some fraction f of galactic particles can be bent away from the solar system by the combined earth and sun's magnetic field. For solar wind particles, this is estimated to be f = O(10 −3 ), due to the strong fields between the earth and sun [43] . However, on the other side of the earth, away from the sun, it is much less protected by the combined magnetic fields and particles can easily enter, with f much closer to 1. We take f = O(10 −1 ) as a conservative value. As the earth moves in its orbit around the sun, it hits the interstellar π F 's that entered the solar system. As soon as these particles hit the earth's atmosphere, due to the short mean free path in the atmosphere, they thermalize and deposit near the surface of the earth. We do the calculation of decay rates in two different regimes: the annihilation is very slow and the particles deposit and accumulate over time and annihilation is so fast that the rate of entering the earth is the same as rate of annihilation of the particles. In the first scenario the number density deposited in the layer of thickness h conf after a time t is readily shown to be
where we took the velocity to be set by the virial speed v ∼ 2 × 10 5 m/s, height h conf ∼ 300 m, time t ∼ 1 Gyr, the local galactic density of baryons to be n gal
3 ), and the fractional number density of heavy mesons to be ζ π F ∼ 10 −8 . This gives an annihilation rate
In the second regime, we expect all the annihilation to happen near the earth's surface. Therefore we should report the rate as per area of the earth surface. The total rate of capture by the earth which is the same as the annihilation rate would be
and the rate per area is
This means that for example in each year per square meter of detectors we see f decay of 1 TeV particles which should be detectable in experiments like IceCube.
(II) Accumulation of atoms as part of solar system formation. We can think of (I) as essentially a lower bound on the number density that accumulates on earth. But it is very possible that there would be a much larger number that arise on earth as simply set by the fractional galactic density; the heavy atoms will act roughly similarly to ordinary atoms and simply form part of stars and planets with a relative number density given directly by the background density ζ π F . This implies that the initial densities
where n ea B ∼ 10 30 m −3 is the number density of baryons in the earth. This number density decays over time as
and the current density would be n ea π F ∼ 10 11 m −3 . This leads to a decay rate
or in other words one decay per day per cubic meter of the earth which should be easily detectable.
The lower estimate of the annihilation rate of (I) in eq. (23) is already large and would have been detected by now, as it leads to explosion production of γ rays and other Standard Model particles of energy ∼ m F = O(TeV). While the higher estimate of (II) in eq. (27) is obviously even much more dramatic.
Corrections to Spectra
The presence of such heavy particles will also collect in various materials on the earth, such as sea water. By carefully analyzing the spectra of large vats of water, one should easily have detected such impurities by now. The simplest manifestation of these new "atoms" would be heavy element with masses of O(TeV) with abundance of around one in a billion which we have not observed in nature. The heaviest atoms known to us are unstable atoms of masses around 300 GeV and we have not observed any chemical component with such high mass. Because these elements get ionized at the same energies as hydrogen, since they essentially have the same binding energy, we would have seen them in mass spectrometry as very heavy ions. This method is especially useful as it fills potential loop-holes in the annihilation arguments of the previous subsection. Namely, it avoids the possible scenario of the proton captured heavy atoms moving to center of earth and separating from the anti-mesons. And it avoids the possibility of the magnetic belt of the sun is better at keeping out one type of charged atom versus the oppositely charged atom. Another possibility is that the spectra of astrophysical gas clouds will be slightly altered by the presence of these new heavy particles. Let's for example look at cases where π F binds to an electron. This would have the same spectrum and chemistry as the hydrogen atom with one difference that the central mass is bigger than a proton. The energy levels of hydrogen-like atoms are given in terms of the meson charge and reduced mass by
For Q π F = 1 this spectrum is clearly separated from the usual hydrogen spectrum. For unit charge Q π F = 1, it is much closer to the usual hydrogen spectrum. However, note the electron reduced mass in hydrogen, deuterium, and the heavy mesons is given by ≈ m e (1 − m e /m p ), m e (1 − m e /2m p ), and m e , respectively. This adds a spectral line with deviation from hydrogen twice the ones from deuterium. In the case when π F binds to a proton, the binding energy is
which is a very clear new set of spectral lines for any Q π F . However, it may prove to be too difficult to see this particular effect in the sky as the abundance ζ π F ∼ 10 −8 may be too small. But if in some places these particles have high concentration, for example if there are starts of these types, there may be some slight chance of observing these new spectral lines.
Destabilization of Stars
Just as interesting consequences can occur inside the earth and in astronomical gas clouds, here we discuss the implication for fusion inside stars. Firstly, recall that fusion of protons inside stars is somewhat slow due to the potential barrier provided by the electric repulsion of the protons. The first step in the fusion cycle is p + p → D + e + + ν, where D = n p is deuterium. The electric energy between the two protons at separation r is V pp = α/r and it extends to a radius r s ≈ 10 −15 m = 1fm where the strong force becomes dominant. The simplest model for this potential is shown in Fig.4 . The electric potential energy at r s is V pp = α × 1 GeV ≈ 10MeV. Comparing this to the kinetic energy at the center of the sun with a temperature of roughly 1 keV, it is clear that the chance of thermal crossing at the tail of the Maxwell-Boltzmann distribution which is roughly O(10 −1000 ) is negligible. What makes the fusion possible is quantum tunneling through this barrier. To make the comparison easier, let's make an estimate of this tunneling rate for the case that a particle of kinetic energy E and charge Q crosses the barrier. In this case the electric repulsion creates a potential barrier given by V b = αQ/r. The WKB approximation of the rate is given by
Here µ is the reduced mass of the system of the two particles and we also used the approximation r s r tp . Now consider the case in which some number of the heavy mesons is inside the star. We know that either the meson (or anti-meson) is negatively charged Q π F < 0 and will have a captured a tightly bound proton in the early universe to form a heavy atom of charge Q A F = Q π F + 1 < 1. This means that the electric energy between this heavy atom and a free proton in the star is
(in fact it could even be zero or negative in which there is no barrier to prevent the instantaneous fusion). This provides a significant reduction in the electric potential barrier between the proton captured by the meson and the free proton in the star. Since the rate of fusion is exponentially suppressed by any potential barrier, this alleviates the suppression by a huge amount compared to the usual fusion of 2 free protons. From (30) we can calculate the enhancement. Notice that the reduced mass of the system of Q A F -proton system is very close to m p and the reduced mass of proton-proton system is m p /2 . Figure 4 : Potential between two charged nuclei that prevents instantaneous fusion. The strong force acts on a short range r ≤ r s and outside of this region the electrostatic repulsion of the two nuclear materials creates a potential barrier that extends to the classical turning point r tp . For kinetic energies at the center of the stars r tp r s . The depth of the well on the left side is given by the strong binding energy.
Using the energies at the center of the stars which is of order 1 keV the enhancement for Q A F = 0 is 10 10 , for Q A F = 1/3 is 10 6 , for Q A F = 2/3 is 5 and it would be instantaneous for other cases. This is the enhancement in the first reaction in fusion chain. The second reaction in the fusion chain is p + D → 
MeV. This means the deuteron then escapes the meson due to the huge kinetic energy released in the fusion. This momentarily leaves a free meson, which can then quickly capture another proton, and the process will repeat.
Of course the number density of these heavy atoms inside stars is very small (an upper estimate would be just to re-scale by the cosmic fractional density n , as in (II) for the earth, or perhaps a few orders of magnitude smaller, as in (I) for the earth). But this exponential enhancement of the fusion rates for all cases except for Q A F = 2/3 is so potent that it would still cause the stars to burn through their fuel very rapidly. This would cause the destabilization of stars into the rapid formation of supernovae, etc, throughout the universe.
Discussion
We have seen that the simplest UV completions of new heavy gauge singlet scalars that may be accessible at LHC lead to very rich phenomenology. In particular, the fermion required for the UV completion to couple the scalar to photons and gluons through loops has a complex cosmology. For multiple reasons, including the accumulation on the earth leading to significant annihilations, the alteration of spectra, and the spectacular destabilization of stars, these models are ruled out observationally.
In terms of model building, the immediate way around these problems is to give the fermion a decay channel. To do so we could imagine relaxing the condition |Q F | 2. This was motivated by providing a dominant di-photon signal, as it is proportional to the fourth power of Q F . It is conceivable that Q F could be smaller (|Q F | = 1/3, 2/3) and then a renormalizable mixing with up or down quarks can be possible (and other possibilities if the fermion is an SU (2) doublet). This would easily allow rapid decays in the early universe. However, this would require an explanation as to why the φ particle is not first seen in some other channel, such as di-jets.
If we continue to focus on this high charge scenario, then from the effective field theory point of view, decays of ψ F are still possible through the introduction of high dimension operators that couple the new fermion to quarks. This is very sensitive to the specific charge of the fermion ψ F . For example if ψ F has charge Q F = −4/3, then we could introduce dimension 6 operators such as ∆L ∼ 
If we take M is be associated with the GUT scale M ∼ 10 16 GeV, and m F ∼ TeV, this gives the lifetime τ = 1/Γ ∼ 10 8 Gyr, which is 7 orders of magnitude longer than the age of the universe. So this would not alleviate the problem. On the other hand, by lowering M by a few orders of magnitude, the ψ F particles, and their associated heavy mesons, would simply decay in the early universe, avoiding all these astrophysical problems. This implies then that even further new physics must come in well below the GUT scale in order to have a compatible model.
Of course, once this other new physics with its associated set of additional particles is introduced, one must enquire as to its viability with regards to astrophysics, cosmology, and precision collider physics. So while our findings correctly predicted that the signal at 750 GeV would go away, there are many other complex interesting possibilities to be explored.
